The noncytopathic Australian bovine viral diarrhoea virus (BVDV) Trangie isolate was used to establish a one-step growth curve and to investigate previously uncharacterized aspects of pestivirus replication. 
Introduction
Bovine viral diarrhoea virus (BVDV) is a member of the genus Pestivirus in the family Flaviviridae (Francki eta/., I991) . Pestiviruses are a group of small, enveloped, positive-stranded RNA viruses which are major pathogens of domestic animals worldwide (reviewed by Baker, 1987; Brownlie, 1991; Collett, 1992; Moennig & Plagemann, 1992; Thiel et al., 1996) . BVDV is divided into cytopathic (cp) and noncytopathic (ncp) biotypes depending on the production of a cytopathic effect (CPE) in cell culture (Donis & Dubovi, 1987) . The genome is approximately 12"5 kb and varies in size between cp and ncp Author for correspondence: Eric J. Gowans. Fax +61 7 3253 1401. e-mail E.Gowans@mailbox.uq.edu.au
The nucleotide sequence presented in this paper has been submitted to GenBank and assigned accession number U53408.
isolates due to the insertion of cellular sequences or gene rearrangements (Meyers et al., 1991 (Meyers et al., , 1992 Qi et al., 1992; Greiser-Wilke et aI., 1993; Ridpath & Bolin, 1995) . The genome contains one large open reading frame (ORF) which encodes a polyprotein of about 4000 amino acids (Collett et al., 1988a; Renard et al., 1987; Deng & Brock, I992; Ridpath & Bolin, I995) . A 5' untranslated region (5'UTR) of about 385 nucleotides (nt), containing an internal ribosome entry site (IRES) (Deng & Brock, 1993 ; Poole et al., 1995) , and a 3'UTR of about 220 nt lacking a poly(A) + tail (Collett et al., 1988a) flank the long ORF. Translation of pestiviruses is considered to occur in a cap-independent manner and is initiated by binding of the ribosomes to the IRES (Poole et al., 1995) .
Entry of BVDV into permissive cells is believed to occur by receptor-mediated endocytosis and is pH-dependent (Boulanger et aI., 1992; Xue et aL, 1993; Flores & Donis, 1995) . Although the cellular receptor for BVDV has not been _~72 c.
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characterized, virus attachment is assumed to be mediated by the envelope glycoproteins E2 (gp53) and/or E0 (gp48) (Donis et al., 1988) . The molecular features of BVDV RNA replication have not been described (reviewed by Collett et al., 1989; Collett 1992; Moennig & Plagemann, 1992) . Nevertheless, the replication complex probably comprises an RNA-dependent RNA polymerase (RdRP), a helicase, virus-encoded cofactors and cellular proteins. NS3 possesses helicase, serine protease and NTPase activities Tamura et at., 1993; Warrener & Collett, 1995) and NS5 is a candidate for the RdRp because it contains a characteristic GDD motif .
Hepatitis C virus (HCV) is an important human pathogen currently classified in a separate genus in the family Flaviviridae (Francki et at., 199I) . It has a similar genomic organization and polyprotein processing strategy to that of the pestiviruses and shares homology and conserved motifs with the 5'UTR, NS3 and NS5 (Miller & Purcell, 1990; Houghton et al., 1991; Howard, 1992) . Both BVDV and HCV have the ability to cause chronic and persistent infections. It is possible that HCV and BVDV may have a similar replication mechanism. However, difficulties arise in studying HCV replication due to the low level viraemia in infected individuals and because the virus cannot be grown reproducibly in cell culture. We believe that the study of the BVDV replication mechanism may provide a good model for HCV replication and persistent infection.
Thus, the aim of this study was to develop a one-step growth curve for BVDV and to examine the appearance of different forms of BVDV RNA as a first step in the construction of a model for BVDV RNA replication.
Methods
• Cells and virus. Pestivirus-negative bovine turbinate (BTu) cells and lamb testis (LT) cells were obtained from the Elizabeth Macarthur Agricultural Institute (EMAI), Sydney and were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% pestivirusflee bovine serum (DMEM-10) raised from pestivirus-free animals at EMAI, 100 U/ml penicillin and 100 ~tg/ml streptomycin (Gibco-BRL). For cell maintenance, DMEM containing 2% pestivirus-free bovine serum (DMEM-2) was used. The ncp BVDV Trangie isolate was also obtained from EMAI and was biologically cloned three times by limiting dilution.
• Virus propagation and titration. The virus was propagated at 37 °C in either BTu or LT cells at an m.o.i, of 0"1 to 0"2 and harvested at day 6 post-infection (p.i.). The culture fluid was removed, the infected cells were frozen and thawed once and, after low speed centrifugation, the clarified supematants were pooled and stored at --70 °C.
Virus was titrated by immunoperoxidase staining of infected cells. Basically, 10-fold serial virus dilutions were added to confluent BTu cells in a 96-well plate (Nundon). After i h virus adsorption at 37 °C, the medium was removed and the cells were covered with 1'5 % hydroxylpropyl methylcellulose (HPMC) in DMEM-2, and then incubated at 37 °C for 3 or 4 days. The HPMC was then removed and the cells were fixed with 5% formalin for 10 min. Immunoperoxidase staining for plaques was then performed using monoclonal antibodies (MAbs) to the NS3 antigen of BVDV as described by Richards (1991) . Virus stocks prepared and titrated in this way were shown to have a titre of 3-2 x 107 p.f.u./ml from a static culture in a I50cm ~ flask and 1"1 x 108 p.f.u./ml from a 900 cm 2 roller bottle.
• Immunofluorescence staining (IF) . BTu cells were grown on coverslips in a 24-well plate (Nunclon) prior to infection with BVDV. At selected time-points, the coverslips were air dried and the cells fixed with 5 % formalin as above. The coverslips were incubated overnight with the anti-NS3 MAbs at 4 °C, washed, then incubated with FITC-conjugated rabbit anti-mouse antibody (Dako) at 37 °C for 90 min. After a final wash, the coverslips were mounted in Tris-PBS--glycerol pH 8"6 and examined for specific staining using a fluorescence microscope.
• One-step growth curve. Confluent BTu cells in a 24-weU plate were washed with PBS, BVDV Trangie at an m.o.i, of 20 was added and the plates were then incubated at 4 °C for I h. After washing, i ml DMEM-2 at 37 °C was added and samples were harvested at various time-points as described in Results. At each time-point, the supematant fluid was stored in aliquots at -70 °C and used to titrate the extracellular virus; the infected cells were washed, trypsinized, resuspended in i ml of DMEM-2, frozen and thawed once, pelleted to remove the cell debris, and the supernatant was used to titrate the cell-associated virus. At each time-point, immunofluorescence staining was performed as above to define the first appearance of viral antigen.
• RNA extraction. Total RNA was extracted from BVDV-infected cells and mock-infected cells as described by Chomczynski & Sacchi (1987) . The RNA pellet was dissolved in DEPC-treated water, quantified by UV spectrophotometry and stored at --70 °C. The quality of the RNA was determined by electrophoresis of I I~g RNA on a formaldehyde agarose gel (Sambrook et al., 1989) .
• Generation of strand-specific RNA probes. Plasmid pYG80-7 was linearized by HindIII and RNA transcribed in the presence of [c¢-a2P]UTP (Bresatec) by T7 RNA polymerase to generate the negativesense RNA probe. Similarly, pYGS0-7 was linearized with XbaI and the positive-sense RNA probe synthesized by T3 RNA polymerase. The transcription reactions were performed using the Riboprobe kit (Promega) and the DNA template then digested with RQ1 DNase. The length of the probe was checked by agarose gel electrophoresis. Only probes which were full length, i.e. I-2 kb, were used in Northern blot hybridization reactions which were performed essentially as described (Sambrook et al., 1989 ).
• Radiolabelling of viral RNA. and mock-infected BTu cells were incubated in medium containing 10 lig/ml actinomycin D (AMD) for 2 h and the virus RNA was radiolabelled by the addition of 20 ~tCi/ml [5,6-aH]uridine (Amersham) in DMEM-2 at 37 °C for 5 h. Total RNA was then extracted by the guanidinium isothiocyanate method and analysed by PAGE in a 7 M-urea--3 % gel (see below). The LiC1 fractionation and RNase A digestion were carried out as described by Cleaves et al. (I98I) .
• Gel electrophoresis of RNA. PAGE of the RNA was performed in a 7 M-urea--3 % gel essentially as described by Chu & Westaway (1985) . Briefly, the gel comprised 7 M-urea, 3 % acrylamide-bisacrylamide (I9:1), I x TBE (89 mM-Tris, 89 mM-boric acid, 2"5 mM-EDTA), 0"I% ammonium persulphate and 0"063 % TEMED. Prior to electrophoresis, the gel was rinsed with DEPC-treated water and pre-run at 100 V for 15 min. The RNA samples were mixed with 2 vols of 1'5 x loading buffer (10"5 M-urea, 1"5 × TBE) and loaded onto the gel. Electrophoresis was carried out in 1 x TBE buffer at 80 V for approximately 3 h. The gel was then fixed in 10 % methanol-10 % acetic acid and fluorography performed using ENaHANCE (Du Pont).
• Pulse-chase labelling of viral RNA. BTu cells were infected with BVDV at an m.o.i, of 20. At 11 h p.i. the infected cells were treated with 10 p.g/ml AMD for 1 h. The medium was then removed and the cells were incubated in DMEM-2 with 100 ,Ci/ml [5,6-3H]uridine and 1 ~tg/ml AMD for 30 min. Fresh DMEM-2 containing 1 p.g/ml AMD was then added and the cells were incubated at 37 °C and sampled at intervals up to a maximum of 6 h.
Results

One-step growth curve
To establish a one-step growth curve for ncp BVDV in BTu cells, the cells were infected with BVDV Trangie at an m.o.i, of 20 p.f.u, per cell. Virus adsorption was performed at 4 °C to permit virus binding, but not internalization. At various times p.i., the extracellular virus and cell-associated virus titres were determined by titration. Virus antigen expression was monitored by IF staining in situ and the proportion of infected cells was confirmed by an infectious centre assay performed 2 h p.i. (data not shown).
The results ( Fig. 1) showed that little infectious extracellular and cell-associated virus was detected between 0 to 10 h; thereafter the virus titre showed a rapid increase between 10 and 16 h and then reached a plateau between 16 and 18 h. Further time-points were not examined. Thus, in this experiment, the eclipse phase was approximately 10 h and the complete replication cycle appeared to be 12-14 h. The level of extracellular virus exceeded that of cell-associated virus by a factor of 6 at 16 h p.i.; this is consistent with a previous study by Nuttall (1980) and with data derived for enveloped RNA viruses in general (Burleson et al., 1992) .
The coverslips harvested at each time-point were assayed by IF to detect the first appearance of viral antigen. The results showed that approximately 40 % of infected cells were positive at 6 h p.i. and 100 % were positive at 8 h p.i. (data not shown). It is probable that the vast majority of cells were infected at time O, but the level of viral antigen failed to reach detectable levels in all cells until 8 h p.i. This interpretation was confirmed by an infectious centre assay which showed, on two different occasions, that 70% and 100% of cells, respectively, were infected 2 h p.i. (data not shown).
The effect of AMD on BVDV replication was also examined. After adsorption the virus inoculum was removed and the medium was replaced with DMEM-2 containing different concentrations of AMD. The results (data not shown) showed that I ~tg/ml and 10 I~g/ml AMD reduced the virus titre to 64% and 50%, respectively, whereas cellular RNA synthesis was inhibited by 97"8% and 99% with I ~tg/ml and 10 ,g/ml, respectively. Thus AMD had no significant effect on BVDV replication.
Characterization of viral RNA synthesis
Although the synthesis of flavivirus RNA is well characterized, the same is not true for the pestiviruses. Thus, in order to examine the kinetics of BVDV RNA synthesis, we employed Northern blot hybridization using strand-specific RNA probes prepared by in vitro transcription. The template used for in vitro transcription was cloned from the Trangie isolate of BVDV after RT-PCR amplification. The primers [sense, 5' CTGGAGACTGGCTGGGCTTACACAC (position 55 76-5600); antisense, 5' AGCATTTGTAGCCAC-GATTA (position 6762-6781)] were designed to target the conserved NS3 region according to the published sequence of the NADL cp isolate (Collett et al., 1988a) . As the exact boundaries of NS3 have not been determined, the region was estimated based on published data and hydrophilicity profiles (Collett et al., 1988b Rumenapf et al., 1993) . The amplified fragment (1206 nt) was confirmed by agarose gel electrophoresis, cloned into pBluescript and the specificity confirmed by mapping internal restriction sites and nucleotide sequencing. The nuceotide sequence was obtained from at least two clones and sequenced from both strands. The consensus sequence (GenBank accession number: U53408) is 84% identical to that of the NADL cp isolate and 83 % to that of the SD-1 ncp isolate, whereas the predicted amino acid sequence is 97% similar to both. This indicates that NS3 is highly conserved within BVDV isolates. One of these clones, pYG80-7, was used to generate RNA probes.
The strand specificity of the probes was confirmed by hybridization of positive-and negative-sense RNA probes with RNA extracted from concentrated virus and infected cells, respectively (data not shown). Only the negative-sense probe reacted with the RNA from the concentrated virus whereas both positive-and negative-sense probes hybridized with RNA from the infected (but not uninfected) cells. To examine BVDV RNA in infected cells, the total RNA harvested from each time-point during a one-step growth curve was denatured !7! Fig. 2 . Detection of positive-(a) and negative-(b) sense BVDV RNA from infected cells during the course of the one-step growth curve by Northern blot hybridization using 32p-labelled strand-specific RNA probes generated from the NS3 clone pY(380-7. The total RNA extracted at different timepoints was denatured by glyoxaI-DMSO (Sambrook et al., 1989) by glyoxal-DMSO, separated by agarose gel electrophoresis, then transferred to a nylon membrane. The results of hybridization are shown in Fig. 2 , and indicate that both positive-and negative-sense BVDV RNA were first detected at 4 h p.i. The earlier time-points were negative, showing that the levels of input virus RNA were undetected. Maximum levels of virus RNA were detected at 16 h p.i. Furthermore, only one band was detected, indicating that no subgenomic RNA encoding NS3 was produced during the replication cycle. Subgenomic RNA species were also undetected with RNA probes (a gift from Marc Collett) designed to detect the envelope gene region (data not shown).
To examine the kinetics of positive-and negative-strand RNA synthesis after hybridization, the region of the membrane containing the BVDV RNA band and the bound probes was excised and counted by liquid scintillation. This experiment was possible because the probes were derived from the same plasmid and were radiolabelled to the same specific activity; the RNA targeted by the positive-and negative-probes was also derived from the same preparation. The results (Fig. 3) show that positive-strand RNA synthesis increased rapidly from 6 h p.i. whereas negative-strand RNA synthesis failed to show any significant increase. These data were reproducible. Since negative-strand viral RNA is thought to function as a template for positive-strand RNA synthesis, these results imply a recycling role for negative-strand RNA in BVDV RNA replication.
Quantification of BVDV RNA in infected cells and the ratio of positive-to negative-strand BVDV RNA
It has often been suggested that members of the F/aviviridae replicate poorly and that the level of virus in infected cells is low. However, few data are available to confirm this. Consequently, we examined the level of BVDV RNA in infected cells. To do this, the intensity of the genomic RNA signal generated from Northern blot hybridization analysis of total cellular RNA, as determined by the level of 32p bound to the membrane, was compared with the signal generated after hybridization of the negative-sense probe to a known amount of the DNA standard (pYGS0-7). Since, by calculation, 10 ng of pYGS0-7 DNA contains 2"16 x 103 molecules, it was estimated that BVDV-infected cells contained approximately 1"5 x i04 copies of genomic RNA per cell, 16 to 24 h p.i. (data not shown). This reflects the low level of replication in infected cells when compared with poliovirus, which produces 4 x i0 s genome copies per cell (reviewed by Rueckert, 1990) .
We also examined the ratio of positive-to negative-strand BVDV RNA at each time-point in the one-step growth curve by comparing the level of a2p bound after Northern blot hybridization (Fig. 3) . The probe was shown to be in excess in similar experiments as, after hybridization, the probe mixture was re-used successfully on a second blot. The ratio increased rapidly from around 2 : 1 at 4 h p.i. to around 10:1 at 12 h p.i. and thereafter remained relatively stable until 18 h p.i. This result is consistent with that of flavivirus RNA synthesis in which the ratio of positive-to negative-sense RNA was 10:1 at the peak of dengue 2 virus infection (Cleaves et al., I981) .
Detection and characterization of replicative intermediate and replicative forms of BVDV RNA
Replicative intermediate (RI) and replicative forms (RF) of picornavirus and flavivirus RNA are produced during virus replication (Richards & Ehrenfeld, 1990; Cleaves et al., 1981; Chu & Westaway, 1985) . However, only an RNA species which was resistant to RNase digestion in BVDV-infected cells was detected in one study (Purchio et al., 1983) and the putative RF and RI RNA species likely to be present in pestivirus-infected cells have remained undetected (reviewed by Collett et al., I989; Collett, 1992) . To detect the putative RI and RF of BVDV RNA and to investigate the repIication mechanism, we employed the strategies described by Chu & Westaway (1985) for flaviviruses. BVDV-infected BTu cells were treated with I0 gg/ml AMD for 2 h at 48 h p.i., and then metabolically labelled with [3H]uridine. The total RNA from infected cells and mock-infected cells was then extracted and examined by PAGE in a 7 M-urea-3 % gel. This system only denatures ssRNA (Chu & Westaway, 1985) . The results (Fig. 4) showed that synthesis of the ribosomal RNA species was completely inhibited by AMD as shown in the mock-infected cellular RNA (lane M). Three virus-specific RNA species were readily resolved (lane UD). Although two bands were shadowed by a low level of label incorporated into cellular RNA that was resistant to AMD treatment (presumably 45S pre-ribosomal RNA and aggregated cell RNA), the gel profile was clear and quite different to the profile of the mockinfected cells which were treated in exactly the same way as the infected cells. The profile was similar to that of Kunjin virus RNA (Chu & Westaway, i985) in that a proportion of the viral RNA failed to enter the gel. This band was shown to contain virus-specific RNA following denaturation in situ after gel electrophoresis and subsequent Northern blot hybridization (data not shown). Consequently, the bands were interpreted to represent RI (upper band), the intermediate band to represent genomic length ssRNA and the rapidly migrating band (lower band) to represent RF. This latter band was not detected after the RNA was denatured at 75 °C in 7 M-urea loading buffer for 3 min prior to electrophoresis (lane D), concomitantly with an increase in the level of ssRNA. Thus, the lower band comprises dsRNA and is Iikely to represent RF. The increase in the intensity of the ssRNA band may also have resulted from conversion of the RI species, although we are unable to explain why the RI was not fully denatured in this experiment. We assume that the 7 M-urea treatment is inadequate for complete denaturation. Overall, the increase in the ssRNA band (lane D) appears greater than the total labelled RNA prior to denaturation (lane UD) and we assume that this results from quenching of the counts in the RI band of the UD lane.
The likely identity of the RI and RF species in infected cells was confirmed by 2 M-LiC1 fractionation and RNase A digestion. When analysed by urea-PAGE, the LiCl-soluble fraction, predicted to contain predominantly dsRNA, showed a similar electrophoretic mobility to the rapidly migrating band described above as RF (Fig. 4, lane S) . This species was also found to be resistant to digestion with I gg/ml RNase A in high salt (2 x SSC, lane HS), but sensitive to digestion in low salt (0"1 x SSC, lane LS). Thus, this band shows the characteristics of dsRNA and can be identified as RF. The LiC1 precipitate was found to contain ssRNA and partially dsRNA (RI) (lane P) that were sensitive to RNase A digestion in high and low salt (lanes HS and LS, respectively), as expected for ssRNA or partially dsRNA. This presents additional evidence that the upper and intermediate bands are most likely to represent RI and genomic ssRNA, respectively.
The role of RF and RI in virus replication
As described above, RI and RF can be detected in B V D Vinfected cells, but their precise roles in pestivirus R N A '.73! iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii iii ii ii iiiiiiiiiiiiii!i ¸ replication remain unknown. The RI and RF species of picornaviruses and flaviviruses were previously thought to serve different functions during virus replication. The RI species in poliovirus was considered to function as a precursor to ssRNA and contains four to eight nascent strands per molecule (Baltimore & Girard, 1966) ; poliovirus RF was thought to represent a by-product or 'dead end' product unable to support further replication (reviewed by Richards & Ehrenfeld, 1990) . In contrast, the RI in Kunjin virus contains only one nascent strand per template (Westaway, 1987) and RF is thought to be the template for the production of nascent RNA which is synthesized by strand displacement to form an RI with a single growing strand (Chu & Westaway, I985) . Recently, however, the replication of poliovirus RNA was proposed to be initiated at the end of the dsRNA (RF) (Andino et al., 1993; Harris eta[., I994) . Thus, the template for the production of nascent poliovirus and flavivirus RNA is thought to be the RF as proposed for flaviviruses by Chu & Westaway (1985) . To investigate how the RI and RF species of BVDV may contribute to virus replication, pulse-chase labelling of infected cells with [aHluridine was performed 11 h p.i.. After separation of extracted RNA by PAGE in a 7 M-urea--3 % gel, a virus-specific band migrating faster than 28S ribosomal RNA was detected that represents RF (Fig. 5) . A second band which failed to enter the gel was also detected that represents the RI and possibly aggregated radiolabelled cell RNA (despite the presence of AMD). Thus, only RI and RF of virus RNA were detected at the end of the 30 min pulse labelling period (Fig. 5 , chase 0 rain). However, due to the inability to remove all [dH]uridine from residual intracellular pools after the pulse, the incorporation of label into the RI and RF species increased slowly during the chase period. Nevertheless, the data clearly show a slow accumulation of genomic length virus ssRNA from i h onwards. This is in stark contrast to the rapid appearance of ssRNA in a similar study of Kunjin virus RNA synthesis that showed the appearance of ssRNA after only a 10 min chase period (Chu & Westaway, 1985) . These data suggest that BVDV RNA replication proceeds much more slowly than that of Kunjin virus RNA. Clearly, incorporation of [dH]uridine into the RF during the pulse period suggests that the BVDV RF is involved in viral RNA replication. However, the exact role of the RF and the RI in BVDV RNA replication is still unclear, as the high stability of the RF, although consistent with the model for flavivirus replication proposed by Chu & Westaway (1985) , is also consistent with other interpretations (see below).
Discussion
The main aim of this study was to examine the previously uncharacterized replication mechanism of BVDV as a model for HCV replication. We have chosen a ncp BVDV isolate for this study because it may resemble HCV more closely. Consequently, we have developed a one-step growth curve for BVDV in BTu cells using an m.o.i, of 20 and shown that viral RNA and antigen were first detected at 4 h and 6 h p.i., respectively. The eclipse phase was found to be approximately 10 h. Our data also showed that the titre of cell-flee virus exceeded that of cell-associated virus by a factor of 6. A previously reported one-step growth curve for ncp BVDV used a lower m.o.i. (0"2 TCIDs0 per cell; Nuttall, 1980) and showed the eclipse phase to be 6 to 8 h p.i. However, all cells may not be infected simultaneously at the low m.o.i. The eclipse phase was reported to be 8 to 12 h in a further set of experiments (Johnson et aI., 1990) using an m.o.i, of 5"2 TCIDs0 per cell, but no cell-associated virus titre was reported. The results of Northern blot hybridization (Fig. 2) showed that the input RNA was undetected and thus the signal represented progeny viral RNA following infection. Virus was released at 10 h p.i., presumably when positive-strand virus RNA and proteins had accumulated sufficiently for virus packaging to OCCUr. Examination of BVDV RNA within infected cells showed that each cell contained approximately I"5 x I0 4 genome copies per cell and the ratio of positive to negative strands was 10:1. This latter figure is in close agreement with the ratio reported for flavivirus-infected cells (Cleaves et al., 1981) . However, the ratio of positive to negative strand RNA may differ in different cells or even between different BVDV isolates (Deng & Brock, 1993) . This study has also described, for the first time, the appearance of RI and RF of BVDV RNA. Based on studies of Kunjin virus, Chu & Westaway (1985) proposed a replication model for flaviviruses in which the RF functions as a recycling template to permit asymmetric replication of virus RNA in a semiconservative manner. In this model, incoming viral RNA is copied into negative strand RNA to form RF. Subsequent RNA synthesis using the RF as template is accompanied by strand displacement (forming RI), and the displaced positivestrand RNA is released upon completion of the nascent strand. The completed nascent positive-strand and the negativestrand in the template constitute the RF which is recycled. Consequently, the recycling of the RF mainly involves recycling of the negative strand. Our data shown in Figs 2, 3, 4 and 5 are consistent with the Kunjin virus model. As shown in Fig. 3 , the levels of positive-strand RNA increased rapidly in infected cells from 6 h p.i., whereas the levels of negative strand RNA remained virtually constant through the course of the one-step growth curve. These relative rates of increase in accumulation of positive-and negative-strand RNA are consistent with a recycling role for negative strand in the RF during semiconservative virus RNA replication and our data in Fig. 5 are also consistent with this model. However, additional studies are necessary to determine unequivocally the exact roles of BVDV RI and RF, as the high stability of the radiolabelled RF is also consistent with a conservative model of virus RNA replication. Although the nature of the RI has not been examined in detail in this study, our preliminary data of _~73 L
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RNase resistance (data not shown) suggest that the BVDV RI may contain more than one nascent strand. Ongoing studies are designed to clarify these aspects of the model.
To our knowledge, this is the first description of several molecular features of pestivirus replication; we have examined the kinetics of RNA synthesis, the ratio of positive-to negative-strand RNA, and the appearance of viral RNA species in infected cells that showed characteristic properties of RI and RF. RI and RF have long been suspected to exist in pestivirusinfected cells; Purchio eta] . (1983) identified a virus-specific RNA species in BVDV-infected bovine cells that was resistant to RNase A treatment and showed similar features to RF with an apparent size of 8 kb. Furthermore, the published NADL BVDV sequence was based on cDNA synthesized from the LiCl-soluble fraction which mainly comprised dsRNA (Collett et al., I988a) . We have now provided evidence of RI and RF in BVDV-infected cells that can be separated by gel electrophoresis.
